To examine if clustering of cardiometabolic risk factors in pregnancy predicts type 2 diabetes and cardiovascular disease (CVD) risk at 10 years in women with gestational diabetes mellitus (GDM). STUDY DESIGN AND SUBJECTS: A prospective case-control study in 150 GDM and 72 overweight women with normal glucose tolerance (NGT) measured cardiometabolic risk factors (body mass index (BMI), systolic blood pressure (SBP), fasting glucose, insulin, and triglycerides and high-density lipoprotein (HDL) cholesterol) at 28 weeks gestation and 6 months and 10 years after pregnancy. Cluster analysis of cardiometabolic risk factors in pregnancy was used to stratify GDM as 'high' and 'low risk' for diabetes and CVD risk at 10 years. The data in pregnancy were used to determine a simple method for assessing risk of future diabetes. RESULTS: BMI in the 150 GDM at study entry was similar to NGT, but 35% of GDM fell into a 'high-risk cluster' with elevated BMI, SBP, glucose, insulin and triglycerides and lower HDL levels. At 10 years, type 2 diabetes was sixfold higher in 'high-risk' GDM (odds ratio (OR) ¼ 6.75, confidence interval (CI) ¼ 2.0, 22.7, P ¼ 0.002) compared with 'low-risk' GDM and was not reported in NGT. The 'high-risk' cluster predicted type 2 diabetes better than BMI430 (OR ¼ 2.13, CI ¼ 0.71, 6.4, P ¼ 0.179) or fasting glucose 45.5 mmol l -1 , (OR ¼ 4.56, CI ¼ 1.50, 13.85, P ¼ 0.007). We determined that GDM with any four of the cardiometabolic risk factors (BMI430 kg m -2 , fasting glucose45.0 mmol l -1 , insulin47.8 mU l -1 , triglycerides 42.4 mmol l -1 , HDLo1.6 mmol l -1 or SBP4105 mm Hg) in pregnancy would be in a 'high-risk' cluster. CONCLUSIONS: A metabolic syndrome-like cluster in pregnant GDM identifies risk for type 2 diabetes providing an opportunity to focus on rigorous lifestyle interventions after delivery to reduce the burden of disease attributed to this condition.
INTRODUCTION
Obesity in the obstetric population is increasing to epidemic proportions worldwide 1 and is likely to affect future incidence of gestational diabetes mellitus (GDM), subsequent type 2 diabetes and cardiovascular disease (CVD). Pregnancy offers an opportune time to assess CVD and diabetes risk at an early age. Women with GDM have a high rate of complications in pregnancy including stillbirth, macrosomia and pre-eclampsia 2 and are prone to develop diabetes and vascular disease in the years following. [3] [4] [5] GDM and their offspring have an increased risk of obesity and type 2 diabetes. 6 Diabetes appears to negate the usual female cardiovascular advantage in women of reproductive age 7 and has been associated with an increase in CVD risk in women compared with men. [8] [9] [10] It has been suggested that pregnancy provides the necessary stress to unmask latent elements of the metabolic syndrome predisposing to an increase in long-term cardiovascular risk, 11, 12 However, traditional CVD risk markers are not routinely measured in pregnancy because hormonal changes that occur in pregnancy influence the levels of many CVD markers. It is well known that pregnancy complications such as GDM and pre-eclampsia are associated with abnormalities that could reflect a predisposition to the metabolic syndrome and both of these complications are associated with an increased risk of coronary artery disease and stroke. Clustering of cardiovascular risk factors that comprise the metabolic syndrome (hypertension, obesity, impaired glucose tolerance and dyslipidemia) has been recognized since the 1920s. 13 In this report, we describe a prospective case-control study in GDM and overweight women with normal glucose tolerance (NGT) that examined whether stratifying the GDM using cluster analysis of cardiometabolic risk markers measured during pregnancy predicted development of diabetes and CVD risk 10 years later.
MATERIALS AND METHODS

Patient population and study design
One hundred twenty-two pregnant women were recruited from outpatient clinics at King Edward Memorial Hospital, and Joondalup Health Campus in the metropolitan area of Perth, Western Australia between 1998 and 2001. All the women were referred for a 75-g oral glucose tolerance at 28 weeks gestation. One hundred fifty were classified as GDM using the prevailing criteria of the Australasian Diabetes in Pregnancy Society 14 (fasting 1 glucoseX5.5 mmol l -1 and/or a 2-h glucoseX8.0 mmol l -1 , after a 75-g oral glucose tolerance test). The majority of the GDM (75%) presented with incident GDM. Seventy-two women were classified as having NGT. The GDM were further classified into 'high-' and 'low-risk' GDM using cluster analysis of traditional cardiovascular factors at 28 weeks gestation as described in the statistical methods.
All women were studied at 28 weeks gestation, and at 6 months and 10 years after their pregnancy in a prospective case-control study. The research nurse undertaking the study was blinded to the GDM cluster allocation when follow-up measurements were obtained. Women were excluded from the study if they had any known pre-existing chronic medical condition. The study was carried out in accordance with the Declaration of Helsinki. It was approved by the institutional ethics committees and informed written consent was obtained from all participants.
The women were studied at 28 weeks gestation, before any dietary intervention or hypoglycemic therapy commenced. They had standard clinical monitoring in the outpatient clinic until delivery and were studied again at 6 months postpartum and then 10 years after their pregnancy. A comprehensive study of cardiovascular risk factors was carried out at the three time points and included fasting glucose, insulin, triglycerides, highdensity lipoprotein (HDL) cholesterol and high sensitivity C-reactive protein (Hs-CRP) that were measured in the Department of Pathology and Laboratory Medicine at Royal Perth Hospital. A research nurse measured weight and height, and blood pressure (BP) using a Dinamap 1846SX oscillometic monitor (Criticon Inc., Tampa, FL, USA). Average systolic and diastolic BPs were calculated from five measurements at 1-min intervals after 5-min seated rest.
Questionnaires were administered regarding obstetric and medical history, parity and pre-pregnancy body weight, marital status, education level, ethnic background and family history of hypertension and diabetes. After delivery, details of infant birth weight and postnatal complications were obtained from hospital records.
At the 10-year follow-up, diagnosed diabetes and hypertension were ascertained from medical records and measurement of fasting glucose (X7 mmol l -1 ) and BP 4140/90 mm Hg measured using a Dinamap 1846SX. Inquiry was made about additional pregnancies and pregnancy complications in the 10 years. An assessment of current level of physical activity and alcohol and cigarette consumption and medication was obtained from questionnaire.
Statistical analysis
Cluster analysis in GDM. Definitions of the metabolic syndrome rely on cut-points for quantitative variables where each variable is linearly related to CVD risk. The traditional cut-points for components of the metabolic syndrome are not suitable for use in pregnant women because the hormonal changes associated with pregnancy affect lipid levels, insulin resistance and BP. To overcome the problem of defining the metabolic syndrome in pregnancy, we used k-means cluster analysis to define two groups with higher or lower values that constitute the metabolic syndrome in non-pregnant adults. Cluster analysis is a statistical method that uses algorithms, which minimize within-group variation and maximize between-group variation of the clustering variables. 15 Clustering variables were body mass index (BMI), systolic BP (SBP), fasting glucose, insulin, HDL cholesterol and triglycerides measured at 28 weeks of pregnancy before commencing dietary intervention or hypoglycemic therapy. Two clusters were identified. We refer to the group with the higher values as the 'high-risk cluster' group.
Differences in SBP, and BMI and fasting glucose, insulin, triglycerides, HDL cholesterol and Hs-CRP in the 'high' and 'low-risk' clusters and NGT at study entry and 6 months and 10 years were assessed using one-way analysis of variance and least square differences to adjust for multiple comparisons. Log transformation was undertaken when necessary to normalize the data.
The study was designed to have 80% power at Po0.05 to detect a difference of 0.3 mmol l -1 in glucose; 0.35 mml l -1 in triglycerides; 0.14 mmol l -1 in HDL cholesterol; a 2.6 unit difference in BMI and 4 mm Hg difference in SBP between the clusters and NGT.
Differences in discriminate variables were assessed using w 2 analysis. Logistic regression models with a robust standard error term were used to predict type 2 diabetes 10 years after pregnancy, with adjustment for differences in age, family history of diabetes, level of education, pregnancy weight gain, insulin treatment during pregnancy and smoking. The robust standard errors were used to accommodate the nested data with clustering of observation times within individuals. Bayesian Information Criterion (BIC) was used to compare different models, where a smaller BIC represents a better model fit. 16 The potential for bias resulting from loss to follow-up was investigated using a Heckman selection model. 17 Determination of cardiometabolic risk factor cut-points for clinical use in GDM. Recursive partitioning developed by Breiman et al. 18 was used to define suitable cut-points for each of the clustering variables in pregnancy. To avoid the problem of multi-collinearity that is inevitable in the analysis of clusters we ran two recursive partitioning analyses, one with insulin, glucose and BMI and the other with SBP, triglycerides and HDLs. We used the resulting cut-points to determine the sensitivity and specificity for cluster membership depending on whether 6, 5 or 4 of the cluster variables exceeded the cut-point for patient classification.
RESULTS
A total of 150 GDM and 72 overweight NGT were studied during pregnancy. Follow-up measurements were obtained in 90% of GDM and 86% of NGT at 6 months post-partum and 75% of GDM and 70% of NGT at 10 years after pregnancy. BMI in GDM at the study entry was similar to NGT, 30.2±5.0 and 30.2±7.5 kg m -2 , respectively.
Identification of a 'high-risk' metabolic cluster in GDM Cluster analysis using traditional cardiometabolic risk factors measured at 28 weeks gestation identified, a 'high-risk' cluster representing 35% of GDM. The 'high-risk' cluster had significantly elevated SBP, BMI, fasting blood glucose, triglycerides, insulin and lower HDL cholesterol. The degree of separation of the main features of the 'high-' and 'low-risk' clusters are shown in Table 1 . The 'high-risk' cluster had elevated Hs-CRP 9.7±1 mg l -1 compared with the 'low-risk' cluster 5.5 ± 0.4 mg l -1 . At 28 weeks gestation, NGT were comparable to the 'low-risk' cluster with respect to fasting glucose 4.46±0.04 mmol l -1 ; insulin 8.9±0.6 mU l -1 ; triglycerides 2.36±0.1 mmol l -1 , HDL cholesterol 1.75 ± 0.04 mmol l -1 and Hs-CRP 6.56 ± 0.66 mg l -1 . SBP and BMI in NGT were 107 ± 1 mm Hg and 30.2 ± 0.9 kg m -2 , respectively, and lower than the 'high-risk' cluster (P ¼ 0.001) but higher than the 'low-risk' cluster (P ¼ 0.02, P ¼ 0.001, respectively; Figure 1 ). Demographics, obstetric history and family history of CVD risk factors at study entry At entry to the study the 'high-risk' cluster was younger than the 'low-risk' cluster but similar to NGT. The distribution of ethnic backgrounds was similar to the 'low-risk' cluster and NGT and was comprised mainly of women with a Caucasian background ( Table 2 ). The 'high-risk' cluster were less educated than the 'low-risk' cluster and NGT, completing year 12 high school (Po0.001) and obtaining a tertiary qualification (P ¼ 0.025) less often ( Table 2) . Parity was similar between clusters and NGT ( Table 2) . Diagnosed GDM or pre-eclampsia, in a previous pregnancy was 20% and 19%, respectively, in the GDM clusters (Table 2 ) and was reported infrequently in NGT. Family history of hypertension was similar between the clusters and NGT (Table 2) . Family history of diabetes was reported more often in the 'highrisk' cluster (P ¼ 0.006; Table 2 ).
Neonatal outcomes and pregnancy complications in the index pregnancy Birth weight, birth length and head circumference of the babies was similar in all groups ( Table 2 ). The incidence of pre-eclampsia was 10% in GDM and not different between the clusters. Pre-eclampsia was not reported in NGT.
Cardiovascular risk profile 6 months after pregnancy Using the clusters assigned in pregnancy, BMI, fasting glucose, SBP and triglycerides were significantly elevated in the 'high-risk' cluster compared with the 'low-risk' cluster and NGT. In contrast, HDL was significantly reduced in the 'high-risk' cluster ( Figure 1 ). The differences in triglycerides, HDL cholesterol, BMI, insulin, glucose and SBP between the clusters were still present after adjusting for differences in age and educational background. At 6 months post-partum, BMI in NGT was significantly lower than the 'high-risk' cluster and higher than the 'low-risk' cluster. SBP, glucose, triglycerides, HDL and insulin differed significantly from the 'high-risk' cluster but not the 'low-risk' cluster ( Figure 1 ).
Follow-up at 10 years At 10 years type 2 diabetes, was reported more frequently in the 'high-risk' cluster (38.6%) compared with the 'low-risk' cluster (6.2%, P ¼ 0.001) and was not reported in NGT (Table 3) . Reporting of diagnosed hypertension and hypercholesterolemia was similar between the clusters (Table 3) . Subsequent pregnancies in the 10 years, were reported in B50% of women. The 'high-risk' cluster reported more births than the 'low-risk' cluster P ¼ 0.03 (Table 3) . Reporting of recurrence of GDM or hypertension in a subsequent Risk markers in pregnancy and future CVD risk A Barden et al pregnancy was similar between the GDM clusters. Reporting of these complications in NGT was infrequent (Table 3) . Although measurements were not obtained from all women at 10 years, those not studied had a similar cluster distribution to the original cohort (30% high-risk cluster) and similar baseline BMI, lipids, glucose, insulin and SBP to their cluster (data not shown). The Heckman selection model produced an inverse Mills ratio of 0.52, P ¼ 0.263, which suggests that loss to follow-up is not related to development of diabetes.
The 'high-risk' cluster reported reduced participation in exercise (walking, gardening and sport; Table 3 ). Reporting of tobacco and tea consumption was similar between the clusters but coffee drinkers were less prevalent in the 'high-risk' cluster (P ¼ 0.019) and these women reported consumption of less alcohol (Table 3 ). In NGT, reporting of exercise was similar to the 'low-risk cluster' (Table 3) . Alcohol and tea consumption of NGT were not different to either cluster, but coffee, was consumed by 79% of NGT and was similar to the 'lowrisk' cluster' (Table 3) .
Cardiovascular risk profile and CVD risk score 10 years after pregnancy At 10 years, the pattern of CVD risk factors in both the clusters and NGT was similar those in pregnancy and at 6 months post-partum with the exception of SBP that was not different between the clusters (Figure 1 ). After adjusting for differences in age, educational level and the number of subsequent pregnancies the significant differences (Po0.001), were still found in triglycerides HDL cholesterol and BMI insulin and glucose. Hs-CRP remained elevated in the 'high-risk' cluster at 10 years (7.0 ± 1.3 mg l -1 ) compared with the 'low-risk' cluster (3.1 ± 0.6 mg l -1 ) and NGT (3.7±1.1 mg l -1 , Po0.01).
Predictors of type 2 diabetes at 10 years in GDM Logistic regression and the BIC were used to examine whether cut-points for BMIX30 kg m -2 or fasting glucose 45.5 mmol l -1 in pregnancy were better predictors of type 2 diabetes at 10 years than membership of the 'high-risk' cluster. The 'high-risk' cluster predicted the development of type 2 diabetes at 10 years (odds ratio (OR) ¼ 6.75, 95% confidence interval (CI) ¼ 2.0, 22. Po0.05 compared with 'high-risk' cluster using one-way ANOVA for continuous variables and w 2 analysis for descriptive variables.
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Smoking, weight change in pregnancy, insulin treatment in pregnancy and gestation at delivery were examined as confounders in the logistic regression analysis. Insulin treatment in pregnancy appeared to protect against development of diabetes at 10 years OR ¼ 0.124, CI ¼ 0.003, 0.461, P ¼ 0.002 but did not change the relationship between the high-risk cluster and diabetes at 10 years OR ¼ 6.88, CI ¼ 1.7, 28.7, P ¼ 0.008.
A simple method for determining high-risk GDM for clinicians We recognized it would be clinically useful if a simple method could be used for future identification of GDM that fitted our definition of 'high-risk' cluster membership. Using recursive partitioning of cardiometabolic risk factors measured in GDM at 28 weeks gestation, we defined cut-points for each of the risk factors. (Table 4) . We determined that exceeding the defining level for any four of the cardiometabolic risk factors provided the greatest sensitivity 88.7% (CI ¼ 77-95%) and specificity 95.9% (CI ¼ 89.9-98.9%) for allocation of GDM to the high-risk cluster.
DISCUSSION
In this prospective case-control study of overweight women with GDM, we identified 35% of women with GDM who had substantially higher BMI, BP, fasting glucose, insulin and triglycerides, and lower HDL. This 'high-risk cluster paralleled several features of the metabolic syndrome in non-pregnant adults and at 10 years had increased rates of diabetes and a worse CVD risk profile than the 'low-risk' GDM and overweight NGT. We have shown for the first time that a metabolic syndrome-like profile in GDM is a better predictor of incidence of diabetes at 10 years than high fasting glucose or elevated BMI. We have formulated a simple, sensitive, specific method based on cardiometabolic risk measurements obtained at diagnosis of GDM to aid clinicians in assessment of future risk of developing diabetes and CVD.
The 'high-risk' cluster differed from low-risk' GDM in that they were slightly younger, less educated and reported family history of diabetes more often. Their metabolic syndrome-like CVD profile remained significantly different after adjusting for age, level of education and family history of diabetes. In keeping with their metabolic syndrome-like profile the 'high-risk' cluster had higher Hs-CRP levels compared with the 'low-risk' cluster and NGT during pregnancy. Pre-eclampsia has been shown to be associated with an increased CVD risk after pregnancy, 4, 19 but in our study the incidence of pre-eclampsia in two clusters was not different. An elevated 2-h glucose in the glucose tolerance test distinguished the 'low-risk' GDM cluster from NGT, who were otherwise similar in most respects.
At 6 months post-partum, after the hormonal influences of pregnancy had resolved the metabolic syndrome profile of the 'high-risk' cluster was still evident. These differences persisted ten years after the index pregnancy, with the exception of SBP that no longer differed between the clusters. Hs-CRP remained significantly higher in the 'high-risk' cluster at 10 years. This finding is in keeping with reports of increased low-grade inflammation in non-pregnant women with previous GDM 20, 21 and women with the metabolic syndrome. 22 In regression analysis, membership of the 'high-risk' cluster that incorporated a number of cardiovascular abnormalities, was a better predictor of type 2 diabetes at 10 years than a high fasting glucose (45.5 mmol l -1 ) measured at the time of diagnosis of GDM. Interestingly, obesity (BMI430) at study entry did not predict the development of diabetes at 10 years, suggesting that this component of the 'high-risk' cluster was not on its own the driver for development of diabetes. This observation is supported by the absence of reported diabetes in the overweight NGT whose BMI were consistently higher than the 'low-risk' cluster GDM.
Previous studies have identified that women with a past history of GDM are more likely to have impaired glucose regulation and the metabolic syndrome 1-10 years after pregnancy. 20, [22] [23] [24] Post-partum elevated CRP has been also been reported to coincide with these features. Reports that pre-pregnancy weight and insulin secretion predict glucose tolerance 5 years after GDM 25 suggest that many of these features may be constitutional. A large retrospective population-based cohort study looking at glucose intolerance in pregnancy showed that women with GDM had a higher risk of a cardiovascular events over 12.3 years with an adjusted hazard ratio of 1.66 compared with women who had NGT in pregnancy. 26 That study also showed that even mild glucose intolerance in pregnancy conferred an increased risk for CVD. 26 We postulate that the increased risk for CVD in women with mild glucose intolerance may be due to abnormalities in other CVD risk factors such as lipids and insulin that were not measured in that study. Our findings suggest that a sub-set of women with GDM have a number of other metabolic abnormalities including a tendency to greater obesity, dyslipidemia, low-grade inflammation and elevated BP that together predispose to increased CVD risk and diabetes. This hypothesis is supported by our observation that overweight women who had a NGT test in pregnancy were similar to the 'low-risk' cluster in terms of their lipid profile, insulin levels, markers of inflammation, family history and level of education.
In our study, 70% of the original cohort was re-studied at 10 years. Although incomplete follow-up could be seen as a weakness in our study, our analysis for bias because of the incomplete follow-up showed that there was no significant bias in our findings that could have occurred as a result of loss to follow-up.
Lifestyle measures recorded at 10 years indicated that the 'highrisk' cluster exercised significantly less than the other groups with 32% of women reporting that they exercised only once a month. Alcohol consumers were similar between the clusters but alcohol consumption was lower in the 'high-risk' cluster. Tea consumption was similar across the groups but coffee consumption in the 'highrisk' cluster was reported less often than the 'low-risk' cluster or NGT. These findings are interesting in view of the accumulating epidemiological evidence suggesting that physical activity, 27 coffee drinking [28] [29] [30] and alcohol consumption 31,32 protect against type 2 diabetes.
In conclusion, we have shown that the cardiometabolic risk profile as assessed by cluster analysis in pregnancies with GDM strongly correlates with the development of diabetes and persistence of CVD risk 10 years later. Our data suggest that in spite of the hormonal effects of pregnancy, measurement of traditional CVD risk factors in conjunction with a detailed family Abbreviations: GDM, gestational diabetes mellitus; HDL, high-density lipoprotein. Exceeding the cut-point for any 4 of these measurements will place GDM in the high-risk pregnancy cluster and at significant risk for development of type 2 diabetes and cardiovascular disease.
Risk markers in pregnancy and future CVD risk A Barden et al history in pregnant women with GDM may offer better opportunities to identify women with GDM who are at increased risk of subsequent diabetes and CVD. A strength of this study is that measurement of traditional CVD risk factors at diagnosis of GDM has enabled us to derive a simple formula that should significantly aid clinicians in identification of those women who should be targeted for intervention after pregnancy.
